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Abstract - ,
Hurricane Andrew was & very mtense storm that sigmficantly

Joaded hundreds of platforms in the Gulf of Mexico in August: .

1992. This event provided a unique opportumty to study the true
behavior of offshare platfarms subjected to large hurticanes and
improve procedures used in analytical predictions. .

A Jount Industry Project (JIP) was initiated by 13 cil compa-

-nies and the US. Minerals Management Seavice (MMS),

wherein a methodology was developed to use information from
observed platform conditions resulting from Andrew and the
hurricane hindcast data with capacity, reliability, and Bayesian
updaning analyses fo determine a measure of differences (biases)
in the analytical predictions and field observations. The proce-
dures used for structural integrity analysis were also improved as
a result of thus study. Phase I of this project completed in October
1993'# defined a global bias factor. A study of foundation behav-

jor was completed following Phase I and determined bias factors |

specific to foundation failure modes.*” This paper the
approach followed in the most recent phase of project in
which buas factors specific to jacket and two foundation failure
modes (lateral and axial) were developed. ‘This study utilized an
updated storm hindcast, iroproved analysis models, and a more
detailed calibration procedure.’, The three bias factors were de-
veloped and were found to duffier significantly.
Ihchasfnausdevdopedmrwghlh:smxdyhawprmded
means to further improve procedures used in the assessment of
existing platforms. The proper use of these new analytical meth-
odologies and bias factors wall produce more appropriate and
cost-cffective mitigahon measures for safe platform operations.

The methodology for establishing ras factors developed and
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provenmﬂ:cscprqectsisappbcabletoothaoffshmmglms
and production systems with specific environmental, geotechni-

lmmducﬂen .

InAugt:stoflmmeGulfStatswue’mﬁpmdtomedmc
most intense hurncanes in recorded history. Hurnicane Andrew
extubited peak wind speeds of over 155 nules per hour and cre-

ated wave heights in excess of 70 feet. , The track of Hurricane .

Andrew led through southern Florida, where most of 1ts destruc-
tion occurred, progressed through the Gulf of Mexico and even-
tually made its final landfall near Morgan City, Lovisiana. An-
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drew caused over 50 deaths onshore and extensive property dam-

age.Andrcwreprmtsoneofthccosthwrnmnld:sastusanS
history , .
?Ihehmrimnepathinclmamgtmoﬂhe&ﬂfmanswy
densely populated with offshare platforms. As shown in the Fig.
1, the center of the hurricane traversed the Mississippi Canyon,
South Timbaher, Ship Shoal and Eugene Island areas. Along its
path through the platform areas, Andrew’s waves typically
exceeded the 100 year return period criteria used for the design of
new structures. The region of platforms most significantly loaded
by Andrew, as defined by the U.S. Minerals Management Service
(MMS), included appraximately 700 platforms located in the
Eugene Island, Grand Isle, Mississippi Canyon, Ship Shoal,
South Marsh, South Pelto, South Timbalier, and West Delta
areas, Many of these platforms were older structures that were not
designed to withstand the forces created by a hurncane of
Andrew’s magnitude. However, inspections following the '
hmrhmmledmanmofmeplatﬂmmaﬁecwdbylmdmw
were not significantly damaged. ’l'hevastmajm'hyofdwdamagc
reported was nunor and included items such as bent handrails,',

damaged walkways, and damaged boat lancings. A number of

mmnesupmmoedngmﬁcnntloealmmmldmmgeboth
above and underwater. . In same of these instances, the damage -

was considered to be of significant consequence possibly
Jeopaxdmingmeovu-allmﬂmwgntyofﬂaeplatﬁxm. In’

ﬂlcsemses,lhedmnagcmdmermpmmdashownnetto“

degrade global strength to below minimum safety limits.
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There were 28 jacket type platforms that suffered substantial
damage resulng exther in total collapse or rendering the struc-
ture unserviceable and beyond repair. In addition, 47 caissons
were also significantly damaged or collapsed.!

The number of platforms damaged by Hurricane Andrew
was gignificant, however, the event has provided a positive dem-
onstration of the emergency systems in place within the Gulf.
This is evidenced by the fact that, because platforms were shut-
down and evacuated prior to the hurricane, ‘no lives ‘were lost
offshore and less than 2,500 barrels of aul (including 2,000 barrels
spilled from a pipeline) were spilled?

Although destructive to the o1l industry, the Andrew expen-,
ence has provided very valuable data that can be used to further
understand the performance of offshare structures subjected to
large hurricanes * The information gained through the review of ]
platforms that survived, were damaged,' or failed duning the hur-" :
ficane can be used to mmprove procedures for designing new !
platforms as well as procedures for assessing the integrity of exist-
ing structures. Andrew thus provided a unique opportunity to "
study offshore structures tested under “real-life” full scale condi- !
tions.: *ify M T t e fe mioze LU

cntreng, @l R S T
Previous Andrew and Related Studles >+ .: » .7 -/
Over the last 3 years PMB and other orgamizations have com- .
pleted a number of studies that have related to Andrew and the !
development of current API gudclines for platform assessment.’ ¢ 5-
Some of these studies that have had a direct impact on this wark o>
are histed as follows *"% 7 1o 202 L0 T, 0 >

LR N
e  Effects of Hurncane Andrew on offshore platforms - Phase i
VM a3 B e s A Lo ] ST
~‘Effectof}huﬁcanehndreﬁmplatﬁa-mﬁxmdaﬁms‘-7z,\{ "
‘Investigation of detailed inspections of structures damaged .’
during Andrew <1 1 44 1812527 L1 R
o Study of caisson behavior during Andrew!3 +' 1 v 1o
;mt?bf ultimate eapaa?( ma]ws ‘pmcedm'in- a1
cluded in the API guidelines' 21 > #¢ Uy ogb oo
Andrew hindcaststs 1 77 77 by e Lo
Strength and stiffncss of tubular jounts'
* Ultumate lateral capacity of piles in clay”
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In particular the Andrew Phase I and Foundation stidies have
gwided the scope for the Phase I work discussed in this paper.
The details of the Phase I work are provided in OTC 7473¢ and of
the AP/MMS foundation study are presented in a companion '
paper, OTC 8078’. ' The results and conclusions of the Phase II
mﬂyr)epf%gtjmepqutydm?ta}siyﬁm'eﬁat e
General Approach - * ' A - R AT
There are vanious ways 10 ‘which analytical predictions can be ™ *
calibrated to match observed behavior more accurately Each of '
the 'individual formulations that enters into the analysis (e.g,’
calculation of wave load, member strength or soil strength) could
be adusted independently to improve the overall prediction * This "
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method would be preferable if data were avalable to suppart such
adjustments. Unfortunately, while we do know in some instances
that platforms have survived unexpectedly (i.c., they were pre-
dicted to fail but survived), we do not know if this 1s due to an
overesimation of loads or an undereshmaton of  strength. .
nammemhMmmMmmﬂmudenmﬁm"}
individual parameters but instead assessed the bias (“B”) 1n the
safety factor (resistance to Joad rano) for each of the three modes
of falure. This bias factor was apphed in the followng form: '+
beteire kb FIT M S VT
(R/S)rue=B{RIS)computed ce.. . vss sevress = was (1)
where R represents resistance or strength and S represents Joad- 14
ing ‘The rato (R/S)uepms 15 Obtatned from the state-of-the-
practice procedures and gudelines for ultumate capacity and wave ., .,
loading analysis In ths form, a value of B greater that 1 inds-
cates conservanism in the procedures used while values of B less’ ™
than 1 indicate unconservative methods. ‘The obyective is to infer «7
the value of B from the information available from field observa- ..,
tions."’ This information is not typically definitive and B must *
therefore be defined 1n the form of a probability distribution” . '
Fig. 2 presents an overview of the integrated methodology -
followed to combine vanious sources of information from several —
platforms and analyses to esumate the bias factars  The steps
wnclude. 1) capacity analysis, 2) rehability analysis, 3) Bayesian ‘A
updating. ! In this Phase, three bias factors specific to different . H
fulure modes with' different uncertainties were developed. a* '
jacket bias factor (By), a lateral foundation bias factor (Bg), and an '
axial foundation bias factor (Bg) " ¢ ¢l “
' [ i . ' AL T 4 f
Platforms Investigated v T TR
Thirteen jacket platforms were studied cunng Phase I Nine steel 1
jacket platforms‘and three caissons were investigated in this !
Phase. A’summary of the platforms selected for cahbration is
given in Table 1. The location of these platforms with respect to
the eye of Hurnicane Andrew is shown 1n Fig. 1. ‘These platforms
were sclected from the population of heavily loaded structures on ©
the basis of the availability of good data (e.g , drawings, pro-and "
post-storm inspection reports, soil data) and the esimated effect
on the calibration (i.c., platforms that were damaged or thought to ™~
exhibat uniexpected behavior were preferred), "1 Yo remE b
"‘There were no jacket type platforms available that were be- %,
lieved to have experienced a foundation failure; however, there
were scveral caissons that experienced full or partial foundation *+
failure. Three of the caissons that were damaged during Andrew *™:
and were included in the APYMMS Foundation study®’ ¢ were 13
used in this Phase I study to estimate better the variation in the * ¥
fwndanmlatﬂ'aleapadtybiasfaaa'.‘ilijff vl My b
. The following types of damage were observed in the jacket

part of the platforms investigated in Phase L study: " #: % ¢ 1#27

esavan

e Crushing (ovalization) of chord and cracks in X-beaces *. %' -
o ! Complete tearing of K-jounts at gap in chord A" 1€ < 734 Lo
e ‘Bulging of chord and cracks in KTjaints » 0 ¢+ 42!
¢ 'B :Ilngbfl : 1t ) PSRRI LA ¥ VAR BT
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e Yielding of leg sechons T

» Complete collapse of platforms (rubbled, fallure mode un-

known) ' P
. Damageofsecondaxybraces(e.g.,ﬂoodmg) v
] mengofcamms vl ;

capacltyAnalysls i
Strmalcnpaulyanalys:swaspa'famedtommthe
response of a platform when subyected to the hurricane hindcast
conditions. This analysis 1s quite different from that used for the .
design of new structures  All aspects of loading and response are

modeled based on expected behavior (e.g., mean formulations of -

component strength are used instead of the lower bound values .
typically used for design) without factors of safety. Individual ¢

components are alfowed to yield and farl and are monitared fol- .

lowing farlure to assess the impact of thear falure on the overall
response of the structure. An example of such an analysis is illus-
trated in Fig. 3. Allofthwcanalyssmpafuuwdumng
CAP"® (Capacity Analysis Program) sofiware.
Suchanalws:stypncallyrdarcdtoas“stancpushova”andn
requires detaled modeling of nonlinear mateniat and geometric
behavior. ‘This analysis provides very useful data that cannot be
produced through conventional elastic (design) analysis. It in-
volves defining a representative profile of lateral forces (wind,
wave, and current) acting on the platform (including any wave -
forces acting on the deck) and then applying this profile with
incrementally increasing amplification factors until the platform’s
capacity is defined. The ulumate capacity of the platform can
then be used to estimate the wave height that would induce plat-
form collapse or it can be compared with the loads due to any

reference level loading (e.g., the 100-year return period wave) to -

determine platform's reserve strength rato (RSR). The proce-
in the draft API document on assessment of exssting platforms.?
The results of these analyses were used 1n the calibration
study to determune bias factors specifically for the jacket, lateral
foundation and axial foundation components. The definition of ,

2
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component gpecific bias factors made it necessary to establish the .

platform capacities associated with failure mechanisms developed

in each of these three areas. A total of four analyses were there-

fore performed for each steel jacket platform to obtain uncoupled -

estimates of platform capacity for specific failure modes. The - -

Base Case analysis was performed to establish the expected mode |
of failure based on the current best estimate of the physical prop-
erties and local response characteristics of all companents of the
structure. All components (jacket elements, piles and supporting ..
soils) that could potentially contribute to a failure mechanism of
the platform were represented to capture their clastic and inclastic |
response. The other three analyses were performed o estimate
the ultimate capacities of the platform associated with the jacket
structure failure mode (local failure and inelasticity in the braces,
Jonts, honzontals, and legs), the lateral foundation mode (pile
yeldinghinging mechanism), and the axial foundation mode
(pile pullout/plunging) In each of these cases the other two cate- ¢

gories of faillure modes {e.g., jacket, axal pile failure modes) were

ammedbyumuﬂngﬂmmgthdapptwempmm& .

Thwcmalymmatfatisdawdmceﬁemdmtamuwas-

sociated with thenndc!mgofstrengdnandpostyleldbdmwa'of i

othq‘fmlmmod:sanddcﬁnedtmcwpledesumawsoﬁheulu-
matceapwtyofmeplatfamasomu'olledbyeadmfﬂ:edlﬁa

ent failure modes independently
- A fully coupled nmhnearjackct-pnle—sal model was devel-

Opedforndlplatfclm ‘Several modeling enhancements were

made to improve the analytical predictions mcludmg'
¢  Exphcit joint modeling

e Modeling of conductors - Lo
¢ Vanable pushover load pattern

'
[T .

w¥

Theprooedmfdlowedmnnklmcsql;hwmm
latnmlandmalsodcapwuﬁarednscussedmdﬁaﬂmam .
panion paper OTC 8078". Some additional analysis procedures
(“recipe™) used were discussed in an earhier paper OTC 74734
Improvernents were made on the loading side by using vanable
pushover load patterns for cases where deck-inundation occurred.
This was found to provide a more accurate estimate of overturn-
Ing moment.

Callbration

' ;

‘ The objechve of the calibration 15 o establish a distnbution on

"B" (Eq. 1) that 1s consistent with the observed behavior. The
updating is based on the Bayes theorem of probability'® whldns
described in general terms by the followng expression
Postenior dumbuuon oc (Prior dxsmbuuan)x : : L
(Dkefdmodfuncaon) .......... @

orfmsinglebiasfmér.ncanbemwdas"

f » (b) ‘:’ f .(b) Ik (b|new ir#ommaan)

+
| Y Lol B

r f

inwhldlf.(b)lslherlstnblmmmthchasfawr 3

(b) is its “posterior™ distribution, and Ik(b | new information) is
the “likelihood function™ whndlmﬂectsﬂ:einfamonabanb
obtained through the observations. (¥ * ! s
rIut:oseo('multiplelnasf:mtcrs.t!u:,pcuntpozstet-ncr
dlsuibtmmdlhcbmfama::wuﬂdbeoune:

»

f’!"ﬁ 'p(bl’bﬂ'bﬂ) l , s ’

o fn,a,a,(b,.bﬁ.bﬁ,) lk(b;.bﬂ.bj,luew irp‘omaaon)
@"
ubacﬂ:cpntmordxsmhgumlsmnmdhaembethc
product of marginal priors: =~
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®“The marginal 'postenar distributzons, "mean values ‘an
COVs.ofthettuecbmsfactn‘smdctmnedbymmmcalmte-]
graumﬁunthxsjomtdlsu'lbuum Thcmangcmﬂnenmnval
mofmcbaasfaaasﬁmlhepnatotbcpostmu'dumbtmaa
provndsarimsureofmformauonprov:dadby:\ndrewonﬂw"
as (consa'vansmu‘nm-oonsavaum)mﬂle rauos of capacuy
toloadpmdlcuousfcreachfmlmenwde X '

' In most cases the jomnt posterior distribution wall not snmply
bcmeproduaofmargmalpostmm(ie.,theSBsarenamde-
pendent a “postenion”) ‘The bias factors are interdependent, for

example, due to the fact that a failure observed in the jacket im-

#]

plies that axial foundation capac:ty l_s ]argcr than the jacket ca- *

pacity .
The Bayesian analysis method was applied previously to

offshor¢’ structures "during the cooperative project on offshore

platform ‘reliabulity orgamized by Amoco. ™! Bayesian apphica- '

ummalsop:mmdmmemmc&qmw-nkepm”
and in other offshore hiterature 32 o o3 v *n v L1
St vEn Lyl 2 A o e

Calibration Steps. “The calibration task mvolved determination

of distnbution's of bias factors as follows :*° " A BT oot

o The assumed, oc “prior,” definitions of (B, and By), were !
dcﬁnedbyananmldxmbuumwmamnvalucofl(le.. -y
there was no initial reason to expect bras 1n the procedures) ™
131d ‘n “coefficient of vanation (COV) of 30%' * The axial |
"fwndauonbiasfactor(Bﬁ)msgwmapnamnofH :
*basedmprmwsAPIPRAka“[ Thore

e Probalhties of occurrence (e.g., failure) were determined ~
based on the capacity analysis results and hindcast data.

e Jont likelihood functions were developed for each platform
'to define the probabilities of occurrence of the observed be-
havior given specified values of buas factors

. 'Iheupdaledmtd:sm‘btmmsofthebmsfactorsmcalw-
lated using the prior distbutions and the jount likehhood
(‘function for each platform.’ 14 0% = {4 X

¢ The cumulative joint distribution of bias factors was deter-

, Tuned using the product of thear assumed prior distnbutions
¢ and all the individual platform likelshood functioms., + . - ¢,
O A O IR L IR A AV (AL A LA d
The process is illustrated for a single beas factor in Fig. 4

The shift in the bias factor distributions is a function of the degree

of unexpectedness of the observed results For example, if a

platform was unquestionably expected to fail during the storm, it

would be assigned a relatively hugh failure probability. If thus
pla:famwasobsavedtoswve.thehkehhoodﬁmc&ondmmb—“
ing the probability of survival would exhibat a sigmficant shift to .,
higher values of B ‘This would then result in a significant shift of
the hias factor distnbution to larger values of B (i e., this case
would suggest that the analysis was very conservative} ;|
Unexpected falures shift the distribution to lower values of B

(to the left). Unexpected survivals shift the distnibution to hugher K

values of B Expected failures and survivals have a much less

effect on B Dmmgedeassprmdcvuymeﬁﬂmformanmm

]

P A P AT

they descnibe much more specific observation data'than ‘esther ¢
survivals or failures T All that is known with a failure 1s that the *
Joad exceeded capacity It is not known to what degree the capac-
ity was exceeded. Similarly, survivals show that capacity ex- -
ceeded Joad but by an unknown amount. Damaged cases describe
a speaific physical response to specific loading and tend to im-
prove the defimtion of the bras factor by reducing the uncertanty %7
~Thus process was performed considening three bias factors -’
and mcluded the development of jont likebhood functions to
include the effect of coupling between the fatlure modes .« =« buras
R SV U R R I ) Wil U B RRAE
Use of Observations to Develop Likellhood Func-:.,
tlons .- 'ne vt M g b sy e L v e i
The information about the degree of design conservatism that /3
1s contained 11n a statement such as “Platform X survived »
hurricane Andrew™ may be very complex :zLikelihood func- - *
tions serve to quantify that informatron unambiguously -« . 7
+The vatue of B (a bias) 1s inferred indirectly from struc- ,»
tural performance under hurncane loads. -The objective is to" >
mterpret the observed behavior of the structure in terms of the
mmphied relative likehhood's of the different values that B -
mught be : Simple, one-dimensional, examples of likehihood !
funcuonsarepresentedfu'st. P T | L A E
,. . Ch b
Determinisﬁc l..ikehhood Functions. For clanty the devel-
opment of likelihood functions is presented for three simple
cases 1n which it is assumed that the esumates of maximum
base shear (S) and capacity (R) are known with certainty -}
Survival Case. ‘Consider first the case in which the
guideline capacity (R) of the structure 1s known to be pre- :
cisely 1,000 units and the maxymum base shear (as calculated
by the guideline) that the structure experienced during the «
event was precisely 1,100 units. « Despite the fact that load
exceeded capacity, the structure was observed to have sur- |
vived." It is clear that the gmdeline procedures must have a
bias of at least 1.1 but there 1s no evidence other than this. .
Based on this result alone, all possible values of b less than -
1.1 have zero hkelihood and all values above 1.1 are equally ..
likely. A plot of the likelihood function for this case is shown ';
mn Fig. Sa. The value of Ik(b | survival) for values of b greater .
than 1.1 is arbitrary, the available information is only that the - !
relative likelihood's are equal. The important information 1n -
this particular outcome is that the guidelines cannot be un- %
conservative T T A PO L R AR 0 ML
~ Failure Case. Under the same circumstances of precise ™+.
knowledge of gwideline R and S, if an observation of collapse *
were observed when R is 1,000 and § is 1,250, then the hike- ...
hhood function on B would be zero for values of b greater
than 1.25 and some arbitrary constant value for all values of b »
less than 125 (Fig 5b) In contrast to the first case which:"
indicated that there is some degree of conservatism in the
guidelines, this fallure case was not a “surpnse” given the
guidehine values of R and S. The hikelthood function in the
observed failure case reflects this by yielding no new infor-



e

. 1®

}

oTC8077 :

ll._Jf " .h‘” Coatrry ”’”“

N 1
-, AK AGGARWAL, DK DOLAN, CA. CORNELL | .
1 fl + N ] b

’ 1 ¥ * ' :

mation about the value of B other than sumply e.xcludmg any

potential "extreme conservatism beyond ‘an upper posslblc .

himit of 1 25. In particular, by itself, this “expected”, outcome |,
cannot exclude the possibility that (hc 'gwidelines are unoon-
servative

Damage Case. Finally consider an observation of partial

damage, (¢ g , a single buckled brace) This outcome implies
that the load exceeded some threshold of damagc but was

msufficient to cause further distress. This case is included by
returmng to the results of the pushover analysis to obtain the
base shears at which these thresholds were predicted to occur.
If first brace fallure was predicted at 75% of the collapse ca-
pacity, R, and no further major distress was predicted until
95% of R the outcome implies that the load § must have been
larger than O 75 bR and less than 0 95 bR. This implies a bias
in the range of (S/0 95R) and (SA.75R) If the ratio S/R was
known with precision to be 1.0, then this damage observation
would place the value of b between 1.05 and 1.33 (Fig 5¢)

Such damage cases are extremely valuable in that they |

tend to bound the value of b from both below and above un-
like the sumple failure or survival case This also suggests
that the “survival” (or more precisely “did not collapse™) case

above may deserve to be looked at more carefully, The in- . ¢
formation may be more complete (e g, the structure was also ,

“undamaged”) In that case inspection of the pushover
analysis mught reveal that the outcome could be interpreted
better as b is greater than R/S tines a factor, that is deter-
runed based on the load level at which first observable dam-

age could be expected This clearly implies still more guide- |

line conservatism than the simple “survival™ mterpretauon of
the outcome. )

Probabilistic Likelihood Functions. In the more realistic
case there is a lack of information about the precise condi-
tions of the structure and loading that results in uncertainty or
ambiguity in the interpretation of the outcome. The likeh-
hood fuaction is still interpreted as the hikelthood of B given

thcwmbutitisdeﬁnednowasthepmbabmtyofthat t

outcome given the value of B, or - "
L LI N

lkl (blthe oxftconfe) = P[t_he outcome | B oievcserarirrovens

Survival Case. Repeating the simple survival case, the

likehhood of any particular value of B given that outcome is .

nowealculatedasthepmbabmtythatbRISisgmatetthan

. umity (1.e, survival) given that particular value b. The prob-

ability analysis must assess whatisacmallyknownaboutR'
and S. For example, the actual maximum wave height, which
enters in the calculation of §, is uncertain  Similar uncer-
tainties effect the base shear and capacity of the structure In
the survival example above, the base shear could be defined
now with a median value of 1,100 units and a coefficient of

vanation (COV) of 40% and the ultimate capacity could be °

defined with a median of 1 ,000 units with COV 15%. Then,

because of thus uncertainty about R and S, there 15 also addi-
tional lmphed ambiguity about the value of B. “The step’
+ function in Fig S5a will be replaced by an S-shaped curve
“centered” on 1.1 and approaching zero only for very small
values and a constant (one) only for very large values’
To calculate the likelihood value for any specific value of
B, say b 15 0 75, one calculates the conditional survival prob- .
ability, PbR/S > 1]b), or in this specific case P[0.75 R/S >
1).1¢., P[R/S > 1.33] In contrast, for b equal 1 33, the like-
hhood is P[R/S > 0 75] ' 'This second number i is clearly larger
than the first because the ratio R/S is a random vanable with

w4

i

median about 1 1 and COV about 45%. The shape of a sur-_

vival likehihood function was shown in Fig 4b

Failure and Damage Cases. The likelihood functions 1n
the more realistic versions of the other two cases discussed
previously are simply smoothed versions of the sharp func-
tions given in Fig 5b and 5c. The relative hkelihood of any
particular value b 1n the case of an observed failure is simply

+

the probability of failure, P(bR/S < 1|b], conditional on that - -

value of B being its true value, (1 ¢.; P[R/S_< 1/b]), which is
only a shghtly modified version of the usual probability of

b

faslure statement P{R/S < 1], hence 1t can be calculated and -

plotted versus b’ Similarly, in the above damage case, the
hkebhood function is P[ (10095 < R/S < (10.75)b ),
which can be evaluated for vanous values of B

-

Multiple Platforms.: If the outcome consists of the ob- -

servation of the behavior of more than one structure, then the
likehihood function of B given this suite.of observed behaviors
isused If the observations are probabilistically independent,
(¢ g, the random vanables representing the information
available about each of the platform loads and capacities are
« mutually independent), then the hikelthood function associ- '
ated with the outcome involving “n™ structures is simply the
product of the individual ikehihood functions. So, for exam-
ple, given the two (one survival and one failure) observations
associated with Figures 5a and Sb, the hikehhood function
would be a constant between b of 1.1 and 1.25 and zero else-
where. If the outcome included all three of the simple cases
" (associated with Figures Sa through 5c), then the hkelihood
function would remain the rectangle just described because
the damage case now brings no new information. On the
other hand, in the more realistic cases, the combination of the
individual likehihood functions would produce smoothed ver-
sions of this rectangle and the damaged case would tend to

. reduce uncertainty in B.

"Thus, the combined hkelihood function of B given the ob- '

wrvedbd:amofanumbaofplatfam, wilhacunbmanmof

) v I L N
Ik(bln —observations) = - n [Ik,(blobservauon)] ...... oy)]
- pfao'om
AT | LAY ¥ !
whuc“n”isﬂaetdxlnmhcfplatfams S .
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Joint Likellhood Emctions. Jomt Trkelihood functions are substanually THiore oompllcated than that of the previous

introduced to deﬁnc mu]uplc bias factors assoclated w:th d:f-
ferent modes of behavior, The observauons are mtctpreted to
assess the telatwe llkchhoods ot‘ dlffcrent values ot' these fac-
tors

Surv:‘val Casé Assuxmng lhat the load and capacxty of
two failure modes (e g, Jacket 'Ry and foundation R;) are
known precisely, then an ‘outcome such as “the structure sur-
vived” imphies that both B,Ry/S and B,R»/S were greater than
unity, where B, and B; are two bias factors “ Repeatng the’ 1,1
specific deterministic examples (R, /S, = 1.1 and R,/S = 0 8), '
the Jomt likelthood funcu?q on B; and Bz becomes X .

Ik(b,. b; | the outcome} =c forb;, S SR, (= 09)andr

At g T A *’m oo . b2>S/R1{—125} ",

) 5 =0 elsewhere ... .. (8)

W to boe fand e tam L Ut _—
in which ¢ is some arbitrary constant. This funcuon dacnbcs i
a rectilinear box of heaght ¢ sitting on top of the cross-hatched 5
region 1n Fig 6a. Elsewhere in the positive quadrant the |, ;
function 1s zero, (i c., these are impossible combanations of >
valuesof BijandB2). o 5 ¢ Lo, . T T e L TR

Failure Case, Consider the same set of values as above -1
but assume now the outcome has been interpreted instead as . {
collapse due to unknown cause. One or the other (or possibly .. .
both) of the modes had madequatc capacity, The joint hikeh-
hood function 1n this case is just the “reverse” of that just 1~
descnibed (1 ¢, it is zero where by > 09 and b; > 1.25 nndit “\
equals a constant c as shown m Fig 6b). o0 v el ~ v 7 !

The information about B; and B; have become ooupled
In describing what is known-about B, ﬁ'omthlsmtoomethcm
other potential mode of failure must be addressed as it may
have been “the cause™ of faillure A likelihood function can-
not be descnbed for B, or B, separately and their joint hikeli-
hood function is, therefore, not a product of two separate
functions. , This is possible in the survival case because sur-
vival indicates survaval of borh modes, not just one or the
other. s, .2 ., sl P L SRS

:Multiple Conditions. , In cases where failure or damage .
is attributed to a specific mode the problem is formulated -,
differently. A case where the jacket failed and the foundation + 1
survived would imply that byR/S < 1 and that bRJ/S > .
b,Ry/S. {This would not necessarily imply that bR, /S > 1
because the load on the foundation was himited by the failure |
of the jacket. It is known from this outcome that b <09 and ...
b; > by for the same specific numerical assumptions. The joint
likelihood function for this case is constant over the €ross- -z
hatched region pictured in Fig. 6¢c. Again in this case the in- -
formation about the bias factors is coupled.

{For more realistic probabilistic cases, the formal calcula- }+,
tion of the joint likelihood of two spec:ﬁc values of B; and B,
requires calculation of the conditional probability of a jount
event such as (in the survival case sbove) by R;/S> 1 and b;
R2/S >1 given the values of By and B, 'This calculation is L

5]

probabulisiic single bias cases because it mvolves not only a ¢
jomnt event but sub-events Which' include cominon random '
vanables (S) and possibly’ ¢comelated random’ variables’ (R.)
and (Ry), both of these conditions induce, probabihistic de-*"
pendence bctween the two sub-evcms Thxs kmd of depend- i
ence unpllcs a'further’ oouplmg bctwecn the mfcrenccs that “J
can bé made about B, 'and B, _The plot of representatwc jomnt
llkehhood funcuon for such a case is shown inFig 8 Thc al
other cases, "(¢ g , failure, fatlure of one mode only, damage)
can be simlarly formulated. For example the case above that
involves jacket failure and foundauon survival becomes

]

r!

v
1

Ik(b;. b, | farlure of mode- 1 and survval of mode-2) ;
, = P [(biR,/S <1}V (b:R:/S > bR, /S)]
fo e S Pl(R;/S < I/b;)ﬁ(Rz/R; >b,-/b2}] werr
Pty v ! ‘ (9)
in which the b's are specified values and the R's and S are
random variables. Complex coupling of the inferences about "
B, and B; and potentially difficult computition are indicated
Extensions to Eq 9 were made to develop the hikelihood
functions for three bias factors and muluple storm hours, and
were used inthus study 2 2. i B0 o e IS TR TS PR
v Multiple Platforms.':The etmbmed jount likelthood func-3°
tion for three bias case, given the observed behavior of a number 4
ofplatfa-ms with a combination of survivals, damages, and fail- ">
ures, is obtained by direct multiplication of the indivadual joint ' ©
Lkelihood functions as follows: #* ~ 1. 2 417 L si I he v

; PR A STRNPIRLY AT AR IS T el Lol
U:{b .bﬁ.bfaln observanans) '

P

1’

5% e

= jﬁ "[ ( ﬂ IObIen’atlou i)] LA Dot Jorten®
( . By e vty Ay s mm‘, a€2
pla{fonn“,b Fi! RE-A T § L L U TR L BUL . T
A e s iy
VB ?'hlh*ll-mvn STy 5 PR TR
Probabllities of Occurrence © "1 | ¢ goary

The probabilities of oocurrence (failure, survival, or damage) '
medetmnedforlhefdlomngmhh-aumomdmons

o - a3yt B Ly

Survival i ’No damagc or only “minor,' non-

. structural, damage identfied
LISRS e dven ] VR i I ¥ N

’l‘ypeIDamageCase » 'Known damage 'to the jacket and: ..
e b e tfoundaﬁonassumedtobeintact. ERRERE

Type II D Case Damage emsts but is not spec:ﬁcally,
ekt “identified or attributed to the jacket

1!*"1 Weta, ™t ¢ PORIRTS
g orfoundatmn * ! 4
SIS T B & (TN 1T e 3 RN B 1 NEPR

'I‘ypeIleureCascnul(nown fatllure . of the jacket rand +°
Yoo ad Mg foundaﬁonassumedtobemtact. alPPRLTE |

TN

'rypeupmlureCase “mFanl octurred but'is 6ot specifi-"

e i i', ‘\}‘ ! 'cally attributed to the Jacket oryfoun-' ,
ek dathﬂ': [ O S 1 i 1 ’

{ '\r"" d
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Load levels defined from the capacity analysis caresponding
to the vanous levels of observed performance (e.g, extent of
danmge,ladtcfdanmgc)mesclectcdtodcﬁncﬁc@hbmhm
conditons.'  * ! foa

i LY B 1
Formulation of Probability of Occurrence. The first and
second order rehability methods (FORM/SORM)' 2 were
used to determune the hkehhood functions, which represent
the probability of occurrence (P,) for various values of B, for
the multiple cahbration conditions listed above, and a case
shownin Eq 9. The conditional probability of occurrence of
an cutcome, P,(B) is given in the following form

-

P, (B) = [ B(x,b)f(x)ds. . (1)

whene,

Po(; ”"”[U N {a00x: b)<o}|X=x]... a2)

k

where {UN g (Y, X; b) < 0] imples thatwearccalculaung
the probability of occurrence of a system of components in
this inner loop For example for a survival case where a
platform survived all three failure modes, the Iimat state
functions (g-functions) for a three component system would
be g as -(R,/5~1/by), g as «(Ro/S-1/b,), and g3 as «(Ry/S~

1/b3); and the system relationship would be a simple intersec- "

tion of three components Further, the extensions menttoned
for multuple storm hours would require addmonal combina-
tions

The “nested FORMISORM"” analysis was used to com-
pute the probability of occurrence of an cutcome. The prob-

ability of occurrence during a single wave was determined in

the inner loop analysis The probability of occurrence of a
single event (probability of survival during a seastate) was
determined in the outer loop analysis, by mtroducmg an
auxihiary random variable per Wen and Chen %

In this application the outer loop random variables de-
noted by X, included significant wave height (H,), current

(Vo), estumated capacity (R); and the inner loop variable vec- |

tor, Y, included individual wave height (H | H,) and error in
base shear esumate (g,) The error in base shear represented
the wave-to-wave vanabilibes within a seastate, See OTC
7473* and OTC 80787 for further definition of these variables
and their distnbution used in these studies

The integration over all possible outcomes of conditions of

randunvmablsmma-!{prowdedﬂ)cprobahmyoffaﬂm
for gaven values of B

The probabrlities of occurrence of specific calibeation con- i

ditions were determined in this study using RELACS? software,
which includes nested FORM/SORM and system relability
analyses ‘The probabulities of occurrence for specific calibration

conditions were determined for a large number of combinations -

of the three bias factors. 'Ihepmbab:mmofoocmmccforthe
different combinations of by, by, andbgdcﬁnethepnt likelthood
function for each observed behavior, .

'

P ~

Example Application .
‘The methodology 1s dcmonstrated through an example apph—
cation on an 8-leg platform that expenenced no damage dur-
ing post-hurmcane field inspections. The hindcast estimated a
maximuim wave height of 59 feet for this location which re-
sulted 1n guideline esimated maximum metocean Joading of
3,700 kips.

‘The analysis (Basc Case) estimated an ulumate capacity
of 3,800 kips which was limuted by the development of a
mechanism 1n the base of the jacket. The load-displacement
results for this analysis are provided sn Fig 7. The analysis
predicted that the K and KT joints in the lower two bays of
the structure would fail at approximately 3,000 kips of lateral
load followed immediately by yielding of honzontals, Pile
pullout was predicted at 3,450 kips and fully plastic pile sec-
tions between 3,570 and 3,700 kips This analysis predicted
that sigmificant damage should have occurred for load levels
below that comresponding to the maximum wave height. The
inspections of this platform revealed no damage of the ele-
ments that were predicted to fail. -

The capacity analysis results for the cases with fallures

linuted to the jacket, to the foundation yrelding/hinging, and
to the foundation axial (overturmng) fadure modes are also
presented in Fig 7. These results indicate that the jacket ca-
pacity is the same as the Base Case and that the foundation
lateral capacity and foundation axial capacity are 16% and
5% higher than the Base Case estimate, respectively. _There-
forethelowwtcapacnysumateinthxscaseisgovmedby
the jacket. But given the uncertainties this conclusion cannot’
be definute. ’

This casc was interpreted as a no damage case and the

cahibration was performed under the assumption that the first |

event in the jacket (Joint failure), and fully plastic sections in
several piles, and pullout of several piles were not observed.

I3

‘The joint hikelihood function for B; and By is shown in Fig 8 ;

and their marginal hikelihood functions are shown in Figs 9.,
and 10, The Jomt posterior distnbutions for two pairs of bias
factors are given in Figs 11 and 12. The marginal postenor
distributions denived for three bias factors are shown in Figs
13 to 15; they indicate that, for this individual platform, the

¥

H

shift 1n mean 15 30% for jacket bias, 15% for foundation lat- -

eral bias, and 8% for foundation axial bias.
The range of hkelihood functions and bias _t"actors determined

Jor the full sample of platforms included in the study was

significant and the values shown above in no way indicate the
Jinal bias factors These numbers are shown solely to dem-

onstrate how the methodology works and should not be ap-

plied to other platforms
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C :luslonsoﬂheSll.ldy R I S T S T LT e z.mn
L hI‘hepnmaryc:ou-::lu:uon oftthhascIl study was & con- ""’
firmation of the 'previous expectation’ that the foundation bnas
factors were signuficantly greater than that for the jacket, indicat-’
ing significant additional conservatism mn foundation design 'Ihe
buasfactasshowlhatfamulanonoﬁackcteapamtyns moderately” " r
mmﬂvc L l!il".l’ eporrn

2. Themauminmpmmtb:astawxsandcwplmg‘
between individual modes indicates the need to ddenmnc “farlure
mode specific” capacity estimates which isolate ' the impact of
uncertainties ‘associated with the modeling of the elements defin-
ng the individual mechanisms An mmproved undastandmg of -
platform behavior is ‘developed through failure mode’ spec:ﬁc
analyses which can help in dcvclopnwnt of more appropriate and
cost effective mutigation plans ' In some cases, Tmtigation meas- '
ures basgdonfnununal ana]ysnscmldbccwnwrpmducuveonoo H
oostly oo "

'3, The mpmved structural modeling procedures uullzed o
in this study have pmwded pred:cuons that are very rcpresen-
tative of true’ platform behavior, Improvement in specific 1

component tesponse (eg. K Jo:nts with f = 1) will further !
improve the ability to match local behavior.”  ** """ ' " a

‘4 'Ihcdcﬁnmonofbxasfactascanbcﬁxrﬂiamprovedas
additiona! platforms subjected to hurricanes are included m the '
cahbration. In particular, structures that have expenenced signifi-
cant Joading provide very useful information to support the cali-
bration This 1mprovement can come both in the form of refine- "'
ment to the current bias factors and development of bias factors
that can bcusedmoredzrealymthmmcma]ysns. This could’
include, for example, bias factors spcmﬁcally fa' joints, braces, "’
and piles.

5 'lhwehuasfactashaveprov:dedabeuu’appmmmonof
the uncertainties and biases that affect reliability analysis. The
AP and the regulatory bodies can use the results in the develop-
mtofgmdehnsandmmaforplatfamasmmmt
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Table 1~ Sallent characteristics of piatforms used in calibration " L,
Catlbration Case Platiorm 1\ Waler * Year Number of < Parlormance Dixing
' Depth {fL) instafled logsipes | -~ - Hurricane Andrew
Survival A 170 1964 4 No damage
e _ 137 1963 - 8 No damage 1o primary elements
= c © 223 1965 No damage
Damage D 137 1962 8+2 tripods } Diagonal braces bucided .
T T g "7 a2 1965 8 Major damage & K and X joints
; £ 62 " 1969 4 Major damsge 1o K-oints i
G 3s 1964 1 Leaned 12 degres
H (") £3 1983 1 Leaned 15 degres
T 1(#1) 50 4983 1 Leaned 30 degree
Falwe J, pi 97 [ 1984 8 Platiorm rubbled
e ' K k180 ' 1958 8 | Cokapeed due o jacket tegs and ples ylelding
i . AT N LR 3 ] 1969 4 Platform collapsed
#1 Indicates caisson platform
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Fig. 1-Path of Hurricane Andrew with platforms used in calibration ? )
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